Since their commercial introduction in 1996, genetically engineered (GE) crops have been cultivated globally and continue to grow in popularity. In 2006, Ͼ252 million acres of GE crops were planted in 22 countries worldwide (James 2006) . Among these GE crops, Ϸ32% are insect-resistant crops expressing Bacillus thuringiensis (Bt) proteins and include 13% combined trait products. The main Bt crops have been transgenic corn and cotton. Crops expressing insecticidal proteins from Bt have shown clear advantages in crop production, such as reduced use of pesticides, target species selectivity, and suitability for insect resistance management (IRM) (Hoffmann et al. 1992 , Bolin et al. 1996 , Orr and Landis 1997 , Reed et al. 2001 . As Bt crops increasingly dominate crop production systems, the potential ecological impacts of Bt crops remain of interest (Shelton et al. 2002) . Concerns have been raised of the possible accumulation and persistence of plant-produced Bt proteins in soils after multiple years of repeated cropping (Addison 1993 , Clark et al. 2005 . The U.S. EPA usually requires GE crop registrants to conduct a longer soil degradation study (at least 3 yr of continuous cropping of GE product) in actual Þeld soil (U.S. EPA 2001). Dow AgroSciences (DAS) and Pioneer Hi-Bred International (PHI) have modiÞed maize plants through the insertion of a gene from Bacillus thuringiensis subspecies aizawai strain PS811 that produces an insecticidal Cry1F protein. Corn hybrids containing event DAS-01507-1 (1507 corn) and expressing the Cry1F protein provide season-long control of a broad spectrum of lepidopteran pests including the European corn borer (Ostrinia nubilalis). Risks to nontarget organisms seem to be minimal (Dively 2005 , Naranjo 2005a , b, Wolt et al. 2005 . However, there is uncertainty around the fate of Cry1F protein in soil and the potential for accumulation of the protein in the Þeld. A few years ago, Head et al. (2002) conducted a multiple year Þeld study with Cry1Ac cotton and found no detectable accumulation of Cry1Ac protein in the soil where Bt cotton had been repeatedly grown for 3Ð 6 yr. Similarly, Dubelman et al. (2005) reported no Cry1Ab persistent in soil after 3 yr of sustained Bt corn use. To our knowledge, no such study has yet been reported for Cry1F corn in the published literature. In addition, the ability to conduct exposure assessments for soil-dwelling organisms has been limited by the lack of efÞcient quantitative detection methods because of low extractability of Bt proteins from soil (Palm et al. 1994 , Head et al. 2002 . Recently, we developed a synthetic invertebrate gut ßuid as an extraction buffer (Shan et al. 2005) , which can effectively extract Bt proteins from soil. Coupled with an immunoassay method, this system provides a powerful tool to quantitatively assess the potential accumulation of Bt protein in soil. In this study, we validated the Cry1F quantitative enzyme-linked immunosorbent assay (ELISA) method using synthetic gut ßuid as the extraction system for soil and determined Bt protein levels in soil samples collected from Þelds where 1507 corn had been continuously grown for 3 yr.
Materials and Methods

Materials
The reference Cry1F protein used in this study was expressed in transgenic Pseudomonas fluorescens and puriÞed at Dow AgroSciences (Indianapolis, IN). Phosphate-buffered saline, pH 7.4, with 0.05% Tween 20 (PBST) was obtained from Sigma (St. Louis, MO). Other chemicals were purchased from Fisher (Pittsburgh, PA). The chemical extraction system is described in Shan et al. (2005) . The artiÞcial gut ßuid extractant consisted of NaCl (5.192 g), Na 2 SO 4 (0.869 g), NaHCO 3 (0.043 g), KCl (0.147 g), CaCl 2 (0.329 g), MgCl 2 (2.341 g), sodium taurocholate (1.748 g), and bovine serum albumin (1.25 g) dissolved in 250 ml of distilled water. This solution was stored at 2Ð 8ЊC for a maximum of 1 wk. Cry1F ELISA test kits were obtained from Strategic Diagnostics (Newark, DE), catalog no. 7020000.
Soil Samples
Soil samples were collected from three different sites: Illinois, Minnesota, and Virginia, where Cry1F corn (event 1507) had been planted each year for 3 consecutive yr (from 2002 to 2004) . Soil characteristics are shown in Table 1 . At the Illinois and Minnesota sites, corn stalks were chopped after harvest followed by a fall and spring tillage before planting. At the Virginia site, no-till practices were used, which left the corn stalk residue on the surface of the soil. The temperature and moisture conditions during the 3-yr study were typical of weather encountered in corn production areas. Irrigation was not used at any of the sites. Each site had a control plot (nontransgenic) and a plot with the Cry1F corn. Each plot was divided into three subplots for sampling. Plot veriÞcation during each of the 3 yr of cropping was conducted by Þeld immunoassay strip tests (TraitCheck Bt1 F Kit-100 Strips; Strategic Diagnostics, Newark, DE) during the tasseling growth stage (BBCH 61Ð 69, R1) to verify the presence of the Cry1F protein in the Cry1F corn plants.
Two types of samples were taken and referred to as bulk soil and rhizosphere soil. Samples were taken at tasseling and postharvest during the third consecutive year of corn growth. Five replicate samples of each matrix were taken from each subplot and combined into one composite sample giving a total of six samples (three control soil and three Bt soil) of each sample type at each sampling interval. For the bulk soil sample, the soil was sampled ϳ4 in. to the side of a corn plant, toward the plot center. For the rhizosphere soil, a corn plant was dug so that the soil/root material removed was Ϸ8 in. in diameter and Ϸ6 in. deep. The root system was gently rapped against a bucket to collect the rhizosphere soil. All soil samples were sieved through a 10-mesh sieve to remove root material. Samples were placed in sample bags and labeled. Samples were frozen within 2 h of collection and remained frozen until they were received at the Dow AgroSciences (Indianapolis) Laboratory. On receipt at Dow AgroSciences, all samples were stored in temperature-monitored freezers at approximately Ϫ20ЊC.
Soil Extraction
Extractant (750 l) was added to 2-ml polypropylene tubes each containing 0.20 g of Þeld-moist soil and two stainless steel beads. The mixture was homogenized with a GenoGrinder (Certiprep, Metuchen, NJ) set at 1,500 strokes/min for 1 min. The suspension was centrifuged at 10,000 ϫ g for 2 min, and the supernatant was removed. The pellet was extracted two more times as described above. All three supernatants were pooled for ELISA.
Immunoassays for Cry1F
SpeciÞc sandwich Cry1F ELISA kits purchased from Strategic Diagnostics were used to quantify the levels of Cry1F protein in the extracts. The protein concentration in the pooled extract was diluted 2ϫ with PBST, and an aliquot of the diluted sample (100 l/well) was incubated in the wells of a 96-well plate coated with speciÞc antibodies for 1 h. The plate was washed four to Þve times with PBST. Horseradish peroxidase (HRP)-conjugated anti-Cry1F antibodies (100 l/well) were added and incubated for 1 h at room temperature. After another washing step, tetramethylbenzidine (TMB) substrate solution (from test kit) was added (100 l/well). The color development was stopped after 15 min with 2 M HCl (100 l/well), and absorbance readings were made at 450 Ð 650 nm. All determinations were conducted in replicate. The resulting color intensity, measured as optical density (OD), is related to the concentration of protein in the sample (i.e., lower protein concentrations result in lower color development). Standard curves were obtained by plotting absorbance against analyte concentration, which were Þtted to a quadratic equation: y ϭ Ax 2 ϩ Bx ϩ C. Absorbance measurements were made with a MAXline Vmax microplate reader with SOFTmax PRO software (Molecular Devices, Sunnyvale, CA).
The same ELISA procedure was used for Cry1F analysis of root samples. The ground lyophilized root sample was extracted once with extraction buffer, and the supernatant was assayed with Cry1F ELISA.
Method Validation
The method was validated for soil samples from all three sites. Assay sensitivity, matrix effects, accuracy, and precision were evaluated.
Matrix Effects. Cry1F standard curves were prepared with solutions containing different amounts of negative control soil extracts (0, 25, 50 , and 100%) and tested on the same ELISA plate. The matrix-containing standard concentrations were interpolated from a nonmatrix standard curve run on the same plate. A mean OD difference of Ͼ15% between the observed (matrix fortiÞed) and theoretical (control) for each standard concentration level was considered indicative of a signiÞcant matrix effect.
Accuracy. The method accuracy was determined by measuring the recovery of the Cry1F protein from control soil matrices fortiÞed with different levels of Cry1F protein at 4.5, 18, 72, and 180 ng/g. An aliquot of soil was fortiÞed with Cry1F protein solution and extracted with extraction ßuid three times. After centrifugation, the pooled supernatant was tested by Cry1F ELISA. A minimum of Þve replications for each concentration were analyzed. The amounts of fortiÞed Cry1F were used as true values, and the method accuracy was calculated by comparing the measured value with fortiÞed concentration (true value). The accuracy of the assay was represented as percent recovery (Table 2) .
Precision. To evaluate the method precision, control soil samples fortiÞed with Cry1F protein were analyzed by two analysts on different days. Samples with three levels of Cry1F concentration were prepared, with Þnal theoretical concentrations of 4.5, 22.5, and 180 ng/g. All the samples were analyzed by ELISA in duplicate. The mean recovery concentration, SD (stdev), and percent coefÞcient of variation (%CV) were determined for each of the fortiÞed levels. Within-and across-day precision results were calculated.
False-Positive and False-Negative Rates. To further evaluate the precision of the method, false-positive and false-negative rates were determined for all three soil matrices. A limited number (Þve each) of unfortiÞed control soil samples and samples fortiÞed at the target limit of detection (LOD) were analyzed for each soil type to determine the false-positive and falsenegative rates. A sample was considered a false-positive when the measured OD value was signiÞcantly higher than that of the blank control in a sample known to be free of analyte. Similarly, if no residue was detected in a sample fortiÞed at the LOD, it was considered a false negative.
Insect Bioassay
Rhizosphere soil samples, collected after harvest of 1507 corn plants or control corn plants, were bioassayed against tobacco budworm, Heliothis virescens F., to determine if biological activity was present. Root samples collected during pollination or after harvest at the Minnesota Þeld site were included as controls. Root samples were lyophilized, ground to Þne powder, and stored at Ϫ80ЊC until analysis. The presence of Cry1F protein in these root samples was measured by Cry1F ELISA. Three subsamples of each matrix from each of three Þeld sites (Illinois, Minnesota, and Virginia) were bioassayed. Soil or root samples were diluted 10-fold (wt:vol) using 0.2% aqueous agar. Fifty microliters of each suspension was applied to the surface of a multispecies insect diet (Southland Products, Lake Village, AR) in each of 16 wells per replicate per treatment (128-well bioassay trays; C-D International, Pitman, NJ). Each well contained Ϸ0.5 ml of diet. The surface of the diet was air dried, and a single neonate tobacco budworm was placed in each well. Wells were covered with vented lids (C-D International). One assay contained 16 insects per treatment, and a second assay contained 48 insects per treatment. Mortality and insect weights were collected for each group of 16 or 48 insects after 6 d of exposure to the treated diet at Ϸ26ЊC. Biological activity caused by Cry1F was evaluated using a t-test (␣ ϭ 0.05) to determine if Cry1F samples caused greater mortality or growth inhibition compared with matched samples from control plots at the same location.
Results
Cry1F ELISA Method Validation
Matrix Effects. Matrix effects were evaluated for all three soils. A difference of Ͼ15% between the observed and theoretical means for all seven standard concentration levels was considered indicative of a matrix effect. Only slight matrix effects were observed at 1ϫ fortiÞed level (100%) for Minnesota and Illinois soil matrices. No matrix effects were measured at other spiking levels (50 and 25%) for these two soil matrices and at all three levels for Virginia soil. To simplify the process, a 2ϫ dilution was used for all three soil matrices to minimize matrix effects.
Accuracy. The method accuracy was evaluated with control samples fortiÞed with Cry1F at different levels within the quantitative range of the standard curve. The average recoveries of Cry1F from the three soils when fortiÞed at levels equating to the limit of quantitation (LOQ); mid-and high points are shown in Table 2 . When samples were fortiÞed at the LOQ level or above, the mean recoveries from all three soils were in the range of 66.9 Ð90.5% with coefÞcients of variation (CVs) ranging from 5.4 to 13.8%. Considering the complexity of soil matrix and the extreme adsorption ability of soil particles, such recovery levels were very good.
Precision. The interassay precision results from control silt loam soil fortiÞed with Cry1F at three levels are shown in Tables 3. The Þnal concentrations were 4.5, 22.5, and 180 ng/g. The precision across all days and analysts was 14.6, 13.4, and 9.4% CV for the soil fortiÞed at 4.5, 22.5, and 180 ng/g, respectively. Control samples with or without fortiÞed Cry1F protein at the LOD (4.5 ng/g) were tested to evaluate the false-positive and false-negative rates. Neither false positives nor false negatives were observed in the limited number of analyses.
Assay Sensitivity
The targeted LOD and lower LOQ for the determination of Cry1F in each soil were empirically deÞned on the basis of individual assay, matrix properties, and the standard curve concentrations. These LODs and LOQs were further determined by statistical approaches. Based on established guidelines (Keith et al. 1983) , the method LOQs and LODs were calculated using the SD from the results of the recovery samples fortiÞed at 18 ng/g. The LOQ was calculated as 10 times the SD (10s), and the LOD was three times the SD (3s) ( Table 4 ). The calculated LOD for silt loam soil (4.98 ng/g) is slightly higher than the target LOD (4.5 ng/g). All other calculated LOD and LOQ values for three types of soils are below the target values. Thus, these calculated values support the target LOD (4.5 ng/g) and LOQ (18 ng/g). To keep the method simple and make it more applicable to various users, the target LODs and LOQs are recommended as the method LODs and LOQs.
Residue Results
Bulk soil samples were taken at least 4 in. from the plant, and rhizosphere soil samples consisted of clinging to the plant roots. Samples were taken from each plot at two time points during the season. Each sample was tested in duplicate. No Cry1F protein was detected by ELISA in any of the rhizosphere and bulk soil samples collected either in 1507 corn plots or control corn plots at either sampling time at any of the three sites. The Cry1F protein was detected in the 1507 corn root tissues from Minnesota at pollination stage and postharvest at concentrations of 4,960 and 1,920 ng/g dry weight, respectively. No Cry1F protein was detected in root samples from nontransgenic corn sites.
Bioassay Results
As a conÞrmatory method, bioassays were conducted for postharvest rhizosphere soil and positive Cry1F corn root tissues. Bioassay results with tobacco budworm are presented in Figs. 1 and 2. Postharvest rhizosphere soil samples from 1507 corn plots did not signiÞcantly inhibit the growth of tobacco budworm neonates compared with samples from control plots. Roots sampled at pollination (Bt Root-2) from the 1507 corn plants resulted in a 76% growth inhibition compared with the control roots, and 1507 corn roots sampled at postharvest (Bt Root-1) resulted in a 45% growth inhibition compared with the controls, showing that the bioassay was sensitive to the Bt protein. A few insects died in both control and Bt soils during the bioassay. However, signiÞcant mortality differences did not occur between the soils from the transgenic plots and paired controls (number of insects dead, t-test, ␣ ϭ 0.05). The mortality appeared to be the result of disease.
Discussion
Quantitative protein detection in soil matrices has been problematic and an obstacle to risk assessment for Bt products. Although immunoassay and other advanced protein analytical methods are readily available, poor extractability of Bt proteins from soil has been a major factor limiting quantitative risk assessment. Recoveries of Bt proteins from soil have been very low. The efÞciency of Cry1Ac extraction from fortiÞed soils reported by Head et al. (2002) was only 24 Ð39%. Palm et al. (1994) reported that the recoveries ranged from 27 to 60% for Cry1Ac protein fortiÞed in different types of soils. Our laboratory recently developed the use of biomimetic invertebrate gut ßuid as an extraction system and a simple synthetic ßuid for extraction (2005) . The rate of extraction with this system is Ͼ70% for Cry1Ac, Cry1Ab, and Cry1F proteins in an array of soil types. In this study, an ELISA method coupled with this newly developed synthetic ßuid was validated for determination of the Cry1F protein in soils sampled from multiple Þeld sites. The mean fortiÞed recovery of Cry1F protein was 66.9 Ð90.5% for all three soils and fortiÞcation levels tested (Table 2) , which is consistent with the improved recovery reported in the previous study (2005) . The soil-matrix effect on the ELISA was minimal, and a 2ϫ dilution of extract was sufÞcient to eliminate adverse effects. The method was very sensitive with a detection limit of 4.5 ng/g, which is more sensitive than the current bioassay with tobacco budworms (R.A.H., unpublished data). The evaluation of accuracy, precision, and sensitivity has shown that the extraction/ELISA method described here is reliable for quantitative determination of Cry1F proteins in soil matrices.
In the past decade, studies on the impact of transgenic Bt proteins in the environment have attracted broad attention. Research groups across the world have conducted numerous studies on the fate of Bt proteins in the environment, especially in soil (West et al. 1984 al. 1994, Donegan et al. 1995 , Palm et al. 1996 , Sims and Holden 1996 , Sims and Ream 1997 , Tapp and Stotzky 1998 , Saxena and Stotzky 2000 , Zwahlen et al. 2003 . Laboratory studies have shown that insecticidal Cry proteins from Bt are readily bound to soils and degraded more slowly than free proteins (Tapp et al. 1994 , Tapp and Stotzky 1995 , Crecchio and Stotzky 1998 , which led to a hypothesis that Bt proteins in Þeld situations with repeated Bt crop plantings may accumulate and reach biologically active levels. However, in a study conducted under Þeld conditions by Head et al. (2002) , after 3Ð 6 yr of consecutive Bt cotton cropping in multiple locations, no Cry1Ac protein was measured in any of the soil samples collected from the Þelds. In this study, we investigated the level of Cry1F protein under Þeld conditions, through the planting of 1507 corn expressing Cry1F protein, using an improved analytical method. Assuming 62,500 corn plants/ha in a typical Þeld, the amounts of Cry1F protein in an acre of corn is estimated at Ϸ50.64 g/ha (U.S. EPA 2001). A conservative estimate of the level of Cry1F protein added to the top 15 cm of soil in a typical Þeld for each growing season would be Ϸ23 g/kg dry soil (U.S. EPA 2001). Assuming all accumulated Cry1F protein in soil is stable and no degradation, the level of Cry1F protein after 3 yr of 1507 corn cropping would be at least 10 times higher than the detection limit of the ELISA (the protein from the third season plants is not included because the soil sampled immediately after harvest). Moreover, this estimate does not include any potential Cry1F that might enter soil by growing plants through root exudation (Head et al. 2002) . The absence of detectable Cry1F protein in all of the soil samples from the 1507 corn plots suggests little or no accumulation over multiple years of 1507 corn cropping. The persistence of Bt proteins in soil is governed by the concentration added and by the rate of protein degradation and inactivation. Studied under laboratory conditions and using a bioassay with the tobacco budworm, Herman et al. (2001 Herman et al. ( , 2002 estimated the half-life of microbial Cry1F protein in soil at Ͻ1 d. Several published studies indicate that Cry proteins expressed in transgenic plants degrade at a similar or more rapid rate in the soil than puriÞed Cry protein (Palm et al. 1996, Sims and Holden 1996) . The results from this study showed that the amount of Cry1F protein accumulated as a result of the continuous use of transgenic 1507 corn, and subsequent incorporation of the crop debris into the soil does not result in detectable immunological or biological activity.
A few studies reported the presence of the Bt protein in secretions from roots, although no soil concentrations were determined (Saxena et al. 1999, Saxena and Stotzky 2000) . To measure potential Cry1F from root exudates, rhizosphere soil clinging to the plant roots was collected during the growing season (at R1 stage) and after harvest. The rhizosphere soil would be expected to have a higher concentration of the Cry1F protein if it was exuded from the roots. No detectable Cry1F protein in the rhizosphere soil suggests that the level of Cry1F protein from root exudates is very low in soil surrounding corn plants expressing Cry1F or that it is degraded quickly after entering the soil system.
In conclusion, synthetic invertebrate gut ßuid extraction and ELISA were used to determine Cry1F concentrations in soil matrices. The method was validated over the concentration range of 18 Ð180 ng/g soil with an LOD of 4.5 ng/g. Only a slight matrix effect was detected in one soil matrix, with 2ϫ dilutions recommended to minimize such effects. The assay was shown to have acceptable accuracy and precision, and no false-positive or false-negative results occurred at the LOD. For the Þrst time, this validated Cry1F soil method was used for determination of Cry1F protein in soil samples collected from a 3-yr Þeld accumulation study. No detectable Cry1F was found in any of the rhizosphere or bulk soil samples, which was conÞrmed by bioassay. These results suggest that Cry1F protein will not accumulate at biologically signiÞcant levels in soil as the result of 1507 corn culture.
